Velocity offsets in the broad Balmer lines of quasars and their temporal variations serve as indirect evidence for bound supermassive black hole binaries (SBHBs) at subparsec separations. In this work, we test the SBHB hypothesis for 14 quasars with double-peaked broad emission lines using their long-term (14-41 years) radial velocity curves. We improve on previous work by (a) using elliptical instead of circular orbits for the SBHBs, (b) adopting a statistical model for radial velocity jitter, (c) employing a Markov Chain Monte Carlo method to explore the orbital parameter space efficiently and build posterior distributions of physical parameters and (d) incorporating new observations. We determine empirically that jitter comprises approximately Gaussian distributed fluctuations about the smooth radial velocity curves that are larger than the measurement errors by factors of order a few. We initially treat jitter by enlarging the effective error bars and then verify this approach via a variety of Gaussian process models for it. We find lower mass limits for the hypothesized SBHBs in the range 10 8 -10 11 M . For seven objects the SBHB scenario appears unlikely based on goodnessof-fit tests. For two additional objects the minimum SBHB masses are unreasonably large (> 10 10 M ), strongly disfavoring the SBHB scenario. Using constraints on the orbital inclination angle (which requires some assumptions) makes the minimum masses of four more objects unreasonably large. We also cite physical and observational arguments against the SBHB hypothesis for nine objects. We conclude that the SBHB explanation is not the favoured explanation of double-peaked broad emission lines.
is ∼ 10 −3 pc, then gravitational wave emission will take over as the dominant mechanism of angular momentum loss and drive the binary to coalescence within a Hubble time. Early calculation, assuming that the SBHB is in a spherical star cluster with an isotropic velocity distribution (e.g., Roos 1981; Valtonen 1996, and references therein) , showed that the orbital decay of typical SBHBs is likely to slow down (or stall) at separations ∼ 0.01-1 pc. This conclusion was a consequence of the slow replenishment of stars available for scattering by the SBHB. As a result, the SBHBs would not merge within a Hubble time, which was termed the "last parsec problem." Some recent works attempt to solve the last parsec problem either by proposing alternative mechanisms for orbital decay of SBHBs, such as interaction with a gaseous reservoir or close-range torques by a circumbinary disc (e.g., Armitage & Natarajan 2002; Escala et al. 2004; Dotti et al. 2007 Dotti et al. , 2009 Hayasaki et al. 2007; Hayasaki 2009; Cuadra et al. 2009; Lodato et al. 2009; Roedig et al. 2012; Roedig & Sesana 2014) . Other authors adopt more realistic stellar dynamical models (non-spherical, rotating galaxies; e.g., Yu 2002; Merritt & Poon 2004; Khan et al. 2013; Vasiliev et al. 2015) to show that coalescence of the binary is possible within a Hubble time.
Finding SBHBs at close separations (< 1 pc, the slowest phase of SBHB evolution, according to Begelman et al. 1980) will serve as an important test for both galaxy evolution models and stellar and gas dynamical models for SBHB orbital decay. During the late stages of their evolution, SB-HBs are also sources of low-frequency (nHz to mHz) gravitational waves detectable by pulsar timing arrays (PTAs; e.g., Manchester et al. 2013; Kramer & Champion 2013; McLaughlin 2013 , and references therein) and the upcoming Laser Interferometer Space Antenna (LISA; e.g., Amaro-Seoane et al. 2017; Danzmann 2017 , and references therein). Therefore, a great deal of effort has been directed recently towards observational searches of such objects.
Only widely separated active BHs (such as NGC 6240, e.g., Komossa et al. 2003) can be resolved by direct imaging. Recent spectroscopic surveys and follow-up imaging studies (e.g., Comerford et al. 2009a,b; Liu et al. 2010a,b; Shen et al. 2011; Smith et al. 2010; Fu et al. 2011 ) have discovered a significant number of AGNs with offset or narrow, double-peaked [O III] emission lines, indicative of dual active nuclei in merging galaxies, typically with separation of a few kiloparsec and presumably not bound to each other. CSO 0402+379 (or 4C 37.11), with a separation of approximately 7 pc (studied by radio interferometry Rodriguez et al. 2006 Rodriguez et al. , 2009 Bansal et al. 2017) , is the best candidate for a resolved and presumably bound binary known currently.
Bound SBHBs at sub-parsec separations cannot be spatially resolved with present methods, hence such close SBHB candidates are found on the basis of indirect evidence such as regular photometric variability or emission-line radial velocity curves suggestive of orbital motion. The candidate with the longest record of photometric monitoring is OJ287, whose long-term light curve shows regular outbursts at 12year intervals (e.g, Valtonen et al. 2008) . Recently, Graham et al. (2015b) noted that PG 1302−102 could be a close SBHB, due to the periodic behaviour of the light curve with an inferred period of a few years. Many additional examples of such behaviour have been reported by Liu et al. (2015) , Graham et al. (2015a) and Charisi et al. (2016) . However, Vaughan et al. (2016) have pointed out that the typical, stochastic quasar variability could appear periodic for a few cycles (see also Liu et al. 2016b) .
Radial velocity searches for SBHBs begin with the detection of displaced emission-line peaks from the broad-line region (BLR) i.e. gas that is bound to each individual BH and follows it in its orbit. The rationale is that orbital motion of the binary will cause the emission line peaks to shift periodically, resulting in displaced single-or double-peaked profiles, depending on whether one or both of the BHs in the SBHB have a BLR associated with it (Begelman et al. 1980; Komberg 1968 ). Gaskell (1984) noted that the two quasars 3C 227 and Mrk 668 had broad Hβ emission lines shifted by 2,000-3,000 km s −1 , and suggested that they could be examples of SBHBs where only one BLR is observable. This interpretation fits in well with the scenario of Begelman et al. (1980) , where the BHs in the SBHBs spend most of their lifetimes at separations of 0.1-0.01 pc and periods ∼ 10 2 yr, which would lead to broad line velocity displacement on the order of 10 3 km s −1 . But testing this hypothesis further is made difficult by the long orbital periods. Therefore, work to date in this direction has focused on using the radial velocity curves of the displaced peaks to obtain a lower limit on the total mass of the SBHB and using that limit to evaluate the plausibility of the SBHB hypothesis. The monitoring campaigns to date have targeted quasars with single and double displaced broad lines using similar techniques but time series of different durations for the two different families.
Quasars with double-peaked broad Balmer lines (see examples in Figure 1 ; hereafter, double-peaked emitters) have been known and studied for some time (e.g., Eracleous & Halpern 1994 Strateva et al. 2003, and references therein) . The SBHB hypothesis is not the only hypothesis for their unusual line profiles. Other proposed explanations include emission from an accretion disc, a bipolar outflow, and an anisotropically-illuminated BLR (see summary and critique in Eracleous et al. 2009 , and references therein). Halpern & Filippenko (1988) tested the SBHB hypothesis using a 5-year radial velocity curve of Arp 102B but did not detect any change in the radial velocity. Gaskell (1996) noted that the failure to detect such a change could be explained by large BH masses, and proposed that 3C 390.3 is also a SBHB in which both BLRs are visible. The observed drift of the displaced peaks in the spectrum of 3C 390.3 between 1968 and 1988 was consistent with this hypothesis, and a sinusoidal model fit to the data suggested a period of 300 yr and a total mass of ∼ 7.7 × 10 9 M . However, the sinusoidal trend did not continue past 1990, and Eracleous et al. (1997) rejected the SBHB interpretation of 3C 390.3, together with two other double-peaked emitters, 3C 332 and Arp 102B. The main argument was that the lower limits on the total masses, based on the best-fitting orbital parameters, were in excess of 10 10 M , and such large SBHB masses are difficult to reconcile with other observations. Liu et al. (2016a) followed up with an examination of the SBHB hypothesis for 13 double-peaked emitters, many of which had 10-20 yr of observational data. They adopted a circular orbit model to fit the observed radial velocity curves, and derived lower limits on the total SBHB masses using the resulting best-fitting orbital parameters. The lower limits effectively ruled out the SBHB hypothesis for half of the targets, since the minimum masses are even greater than the most massive BHs Thomas et al. 2016) . Inayoshi & Haiman (2016) also argue that BHs are prevented from growing above a few ×10 10 M by small-scale accretion physics.
Recently, large systematic searches for spectroscopic signatures of SBHBs have been made possible thanks to large sky surveys such as the Sloan Digital Sky Survey (SDSS). The data from these surveys have yielded ∼ 100 candidates with single-peaked Balmer lines that have large velocity displacements (Tsalmantza et al. 2011; Eracleous et al. 2012; Decarli et al. 2013; Shen et al. 2013; Liu et al. 2014; Runnoe et al. 2015 Runnoe et al. , 2017 Guo et al. 2019 ). In the same spirit as the work on double-peaked emitters, these authors have attempted to assess the plausibility of the candidates by obtaining lower limits on the hypothesised SBHB masses. However, the available radial velocity curves are short and sparsely sampled, leading so far to mass limits that are not restrictive.
The analysis in previous works assumed circular orbits, motivated by the assessment of Begelman et al. (1980) that frictional drag will erase any eccentricity in the orbit. However, more recent simulations have shown that the eccentricity can be very sensitive to the initial conditions of the binary, as well as the properties of the surrounding stellar cluster (Khan et al. 2012) , and there are a variety of orbital solutions that are highly eccentric at 0.1-0.01 pc separations. The eccentricity of the SBHB can also increase dramatically in counter-rotating systems (e.g., Amaro-Seoane et al. 2010; Sesana et al. 2011; Wang et al. 2014; Holley-Bockelmann & Khan 2015) . Simulations also show that the SBHB can acquire a substantial eccentricity over time via interactions with inhomogeneities (i.e., dense clumps) in a circumbinary disc (e.g., Roedig et al. 2011; Fiacconi et al. 2013; del Valle et al. 2015) . Therefore, the goal of this work is to re-examine the binary hypothesis assuming more general, eccentric orbits by employing a more sophisticated fitting method than in our previous work. The introduction of additional model parameters (eccentricity, e, and argument of periapsis, ω) will significantly enlarge the parameter space, and the wide variety of possible behaviours of the radial velocity curves could provide better fits for many of the targets. More importantly, using eccentric orbits may result in lower limits on the orbital period, hence the total mass of the hypothesized SBHBs and change the conclusions of previous studies. We utilise Markov Chain Monte Carlo (MCMC) methods to derive the entire probability distributions of all model parameters, instead of a single best-fitting solution (see Section 4.2). Thus, we are able to derive rigorous lower limits on the total masses from all possible solutions. This is an improvement compared to the lower limits derived by previous works that considered only deviations from the bestfitting models. Another new feature of our improved analysis is that it takes into account radial velocity jitter. Our targets include the 13 double-peaked emitters in Liu et al. (2016a) plus another object, NGC 1097, which has similar Balmer line profiles and radial velocity curves spanning two decades. Half of the targets also have additional observations since Liu et al. (2016a) , which serve to better constrain the models.
In addition to addressing the SBHB hypothesis, this work are also relevant to the broader question of the origin of double-peaked broad emission lines observed in some quasars. Since a number of alternative explanations have been considered (see Eracleous et al. 2009 , and Section 6 of this paper), testing and, potentially, disfavouring any one of the scenarios represents significant progress.
In Section 2 of this paper, we describe the data we use, including previously published data and new observations. In Section 3, we study radial velocity jitter and quantify its magnitude empirically. In Section 4, we describe our eccentric orbit model, our tests of the MCMC code, and our approach for incorporating jitter in the analysis. We then present our findings in Section 5 and discuss the results in Section 6.
PREVIOUSLY PUBLISHED DATA AND NEW OBSERVATIONS
We compiled radial velocity measurements for 14 AGNs from Eracleous et al. (1997) , Gezari et al. (2007) , Lewis et al. (2010) , Storchi-Bergmann et al. (2003) , Schimoia et al. (2012 Schimoia et al. ( , 2015 , and Liu et al. (2016a) . We supplemented the data collected from the literature with new measurements from spectra obtained from 2009 to 2017, as we describe in detail below. The objects included in this study are listed in Table 1 along with their redshifts, the span of the radial velocity measurements, and the sources of the data. Typically, the length of the monitoring period for each object is 20-30 yr. All the new spectra presented here cover the Hα lines of the respective targets. Examples of spectra are shown in Figure 1 . Most of the spectra were taken with the Low-Resolution Spectrograph (LRS) on the Hobby-Eberly Telescope (HET) between 2010 and 2013, and with the red chan- The HET+LRS spectra were taken with the G3 grism through a 1. 0 or 1. 5 slit. They cover the wavelength range 6250-9100Å with a resolution of 4.2Å when using the 1. 0 slit and or 6.3Å when using the 1. 5 slit. The ARC Figure 1 . Sample spectra taken with the HET and the ARC 3.5m illustrating a variety of line profiles of objects in our sample. The log of new observations is given in Table 2 and the instruments and data reductions are described in Section 2 of the text.
3.5m+DIS red-channel spectra were taken with the R300 grating through a 1. 5 slit. They cover the spectral range 5150-9850Å with a spectral resolution of 6.0Å. The CTIO 1.5m+CSPEC spectra of PKS 0921−213 were taken with grating 35 through a 1. 8 slit. They cover the wavelength range 6235-7467Å with a spectral resolution of 3.5Å. The spectrum of 1E 0450.3-1817 was taken with the red VPH grism through a 1. 2 slit. It covers the wavelength range 5263-10888Å with a resolution of 3.6Å. The spectrum of Pictor A was taken through a 1. 0 slit and covers the wavelength range 3060-8288Å in orders 8âȂŞ20 with a spectral resolution of 0.24-0.57Å. The Hα line fell in the 9th order where the spectral resolution was 0.51Å.
All the spectra, except for the Magellan spectrum of Pictor A, were reduced and calibrated using common procedures for long-slit spectra, as described in Section 5.1 of Eracleous et al. (2012) . The spectrum of Pictor A was reduced with the MagE pipeline available in CarPy (Kelson et al. 2000; Kelson 2003 ). The first steps included bias subtraction, flat-field division, sky subtraction, scattered light subtraction, and extraction of raw spectra. The wavelength calibration was based on ThAr arc lamp spectra. The derivation of the wavelength scale used 910 arc lines over the entire spectrum, including 60 in the same order as Hα. The root-mean-squared residuals of the polynomial fit to the wavelength-pixel number relation were less than 0.1 pixel.
To measure the velocity of a peak in the new Hα line profiles we fitted the region around it with a Gaussian in order to get the centroid. For this exercise selected fitting windows encompassing each peak that were 50-100Å wide. We repeated the measurement 500 times, varying our choice of fitting window, and took the average to be the best estimate of the peak wavelength and the standard deviation of all the measurements to be the measurement uncertainty. In spectra where the red or blue peak are difficult to discern by eye (e.g., PKS 1739+184 and CBS 74 in Figure 1 ), we performed a double Gaussian fit over both regions and determined the two centres simultaneously.
In the specific case of PKS 0921−213, we measure the velocities from all spectra, but only include a subset of the measurements, as we are mainly interested in the long-term behaviour of the radial velocity curve. In doing so, we avoid the effects of short-term jitter (on time-scales of months or less), which could be caused by incorporating numerous data points within a short observing window; long-term velocity variations, on time-scales of years or more, are meant to be described by our orbital model, which we describe in §3). We follow the same approach in order to select data for the radial velocity curve of NGC 1097, which was also sampled very frequently. The new velocity measurements are given in Table 2 . The radial velocity curves are presented and discussed in Section 5.
VELOCITY JITTER
Before we fit the binary model over the observed radial velocity curves, we need to take into account radial velocity jitter, which we define as small-amplitude fluctuations in the radial velocity curve on time-scales of order a year or less. Jitter can be caused by intrinsic variations in one single BLR that occur on the light-crossing or dynamical time-scale. This view of jitter is bolstered by the values of these time-scales, which we estimate below. Additional corroboration comes from reverberation mapping campaigns that have observed such radial velocity jitter in response to fluctuations in the continuum. Analysis of the data from such campaigns indicates that the velocities of the peaks of the broad Balmer lines fluctuate by a few hundred km s −1 over time intervals of 1-6 months (see Barth et al. 2015 and Guo et al. 2019) .
To evaluate the time-scales on which we could expect radial velocity jitter in our targets, we estimate the lightcrossing and dynamical time-scales of a single broad-line region. We begin with the characteristic size of the BLR from the empirical radius-luminosity relationship by Bentz et al. (2013) , which we re-cast as: log RBLR 10 lt-day = 0.527 + 0.533 log λL λ (5100Å) 10 44 erg s −1 .
(1)
In the above equation, λL λ (5100Å) is the monochromatic continuum luminosity at a rest-frame wavelength of 5100Å, which we estimate from the V -band magnitude of each object. For the range of λL λ (5100Å) for our objects, 4.3×10 43 -6.7 × 10 44 erg s −1 , we obtain light-crossing times (i.e., values of RBLR/c) of 21-92 days by direct application of equation (1). But we must also consider that the observed Vband magnitude of an object represents the sum of the luminosities of the two accreting BHs, which we take to be comparable since the strengths of the peaks of the double-peaked Balmer lines are similar. Therefore, the value of λL λ (5100Å) that enters in equation (1) should be a factor of 2 smaller and the resulting value of RBLR of each individual BH should be approximately 1.45 times smaller, leading to a range of lightcrossing times of 14-64 days. Moreover, the value of RBLR is likely to be even smaller than that obtained above, as the BLR around each BH would be truncated by tides from the binary companion (see discussion in Section 4 of Runnoe et al. 2017 , and Section 3.1 of Nguyen & Bogdanović 2016) .
The dynamical time-scale at RBLR can then be estimated from t dyn (RBLR) = 1.14 RBLR 10 lt-day
where M• is the mass of the BH. To get the range of t dyn (RBLR) appropriate for our targets we explore a range of BH masses: we set a lower mass limit by assuming a maximum Eddington ratio of 0.1 and adopt an upper limit of 10 10 M . Equation (2) then yields t dyn between 8 months and 7 yr for all our targets, before considering tidal truncation of the BLR. Taking tidal truncation into account, we conclude that t dyn is between a few months and a few years and comparable to or slightly longer than the typical time intervals between our observations. This suggests that reverberation or dynamical processes in a single BLR are plausible causes of jitter in the radial velocity curves of our targets.
With the above considerations in mind it is plausible to separate velocity variations into two broad families, the (fast) jitter observed on time-scales of order a year or less and slower variations observed on time-scales of several years or more. The latter family includes the slow variations or undulations that we aim to use to test the SBHB hypothesis. The former family is a source of noise for our purposes so we seek ways of characterising its properties and dealing with its effects while we try to fit orbital models to the slow variations. In the remainder of this section we describe how we characterise jitter empirically for our particular objects and in Section 4 we describe the statistical methods we use to deal with the effects of jitter while fitting models to the radial velocity curves.
To characterise jitter empirically, we fit the radial velocity curves with a low-order polynomial, and ascribe the departure of the data points from the polynomial fit to jitter. The polynomial is intended to follow the undulations of the radial velocity curves on times scales longer than the dynamical time-scale of the BLR. After experimenting with fits to the well-sampled radial velocity curves of a few objects we find that polynomials of third order or higher do indeed accomplish this goal. The standard deviation of the data about the best fit decreases as we increase the polynomial order but only up to third order; as we increase the polynomial order further, the standard deviation does not decrease. As an illustration of the method, we plot the standard deviation of the fit residuals (the jitter) for the red and blue peaks of 3C 390.3 as a function of the polynomial order in Figure 2 . The jitter does not change significantly for either peak once the polynomial order reaches three. We thus choose to fit the velocity curves of all our targets with a third order polynomial as it can sufficiently describe the long-term shape of the radial velocity curve. Moreover, the polynomial has the ability to fit the undulations of the radial velocity curve without mimicking the orbital model that we wish to fit eventually with the result that the jitter that we determine is not equivalent to the deviations measured relative to the orbital model. We show an example of a 3rdorder polynomial fit to the radial velocity curves of 3C 390.3 in Figure 2 .
We find that the jitter distribution for the well-sampled radial velocity curves of 3C 390.3 and Arp 102B is well represented by a Gaussian. This is also the case for the combined jitter distribution for all objects in our sample. Typically, the magnitude of jitter (i.e., the standard deviation of its distribution) is of order a few hundred km s −1 , i.e., a factor of 2-3 greater than the measurement uncertainty. These findings agree with the conclusions of Guo et al. (2019) on the shape and width of the jitter distribution caused by reverberation and they agree with the magnitude of jitter measured in specific objects by Barth et al. (2015) . Since the jitter distribution is Gaussian we treat jitter in the fitting process described in the next section by adding it in quadrature with the uncertainty in individual measurements, effectively reducing the value of χ 2 and resulting in a more conservative lower limit on the SBHB masses (see Section 4). We also model jitter as a Gaussian process, as we describe in detail in Section 4.3, in order to test the validity of the simple approach and we get similar results. In view of the above results, we henceforth make the assumption that the jitter properties are similar among the objects in our sample i.e. that the distribution can be described by a Gaussian. Since some targets (e.g., Pictor A, 3C 227, PKS 1020−103) have sparsely-sampled radial velocity curves, this approach is straightforward to implement in practice: by fitting the radial velocity curves with a cubic polynomial and finding the standard deviation of the residuals, we determine the magnitude of the jitter for that object. The jitter values measured for each object in this manner are listed in Table 3 . We also expect that the long-term radial velocity variations (variations on time-scales much longer than the time interval between successive measurements) are taken out by the polynomial fit and that the jitter that we measure is not influenced by any of the long-term variations that can be interpreted as the result of orbital motion.
METHODOLOGY FOR FITTING RADIAL VELOCITY CURVES

Orbital Model
We adopt a model of eccentric binary orbits, in contrast to Liu et al. (2016a) and earlier works that adopted circular orbits, in order to explore the full parameter space of possible solutions. Thus, our model contains six independent parameters: the (projected) radial velocity at pericentre of the object that produces the red peak (the receding object), ur,pe, the orbital period, P , the epoch/time of pericentre passage, the phase offset, t0 (defined in equation 4), the mass ratio, q, the eccentricity, e, and the argument of periapsis, ω. For convenience, we define q ≡ Mr/M b , where M is the mass of one of the BHs and the subscripts 'r' and 'b' denote the object producing the red and blue peak, respectively (i.e., the receding and approaching object, respectively). With this definition, q can be larger or smaller than unity depending on which peak corresponds to the primary (more massive) BH.
To calculate ur and u b in the model, we begin with the radial velocity equation from Keplerian dynamics:
where i is the inclination angle of the orbital plane (i.e., the angle between the line of sight and the normal to that plane) and Mtot ≡ Mr +M b is the total mass of the SBHB. We solve for f , the true anomaly, numerically from t0, P , and e using the set of equations:
where E is the eccentric anomaly. Since the projected velocity at pericentre, ur,pe, is simply the solution of equation (3) for the case f = 0, we rewrite ur in terms of ur,pe as follows
We can then determine u b from ur through the simple relation u b = −qur.
To compare models and data, we adopt the χ 2 statistic as our likelihood function:
where u obs r (t k ) and u obs b (t k ) are the observed radial velocities of the red and blue peaks at time t k , respectively, and σ obs r (t k ) and σ obs b (t k ) are the corresponding uncertainties. As discussed in Section 3, we can account for jitter in our model by increasing these uncertainties accordingly. In Section 5 we report results of simulations with and without jitter.
Exploration of Parameter Space
We use an MCMC method to explore parameter space efficiently and find the probability distributions of all orbital parameters. We also use the fundamental model parameters to compute some of the physical parameters of the system, such as the total mass and the decay time of the orbit by gravitational radiation, and examine their distributions as well. We employ the code emcee, a Python implementation of Goodman-Weare affine invariant Markov Chain Monte Carlo (MCMC) Ensemble sampler by Foreman-Mackey et al. (2013) . The inputs to the code are the data, the prior distributions of the model parameters, the likelihood function, and initial positions of the random walkers. The code evaluates the likelihood of different solutions, then performs jumps and explores the parameter space for a specified number of steps, before returning as outputs the posterior distributions of model parameters.
For many of our model parameters, we adopted a Jeffreys prior, as it is non-informative and thus presents the least bias in the parameter spaces. The Jeffreys prior prescribes a uniform distribution for location parameters (t0, ω, e) and an inverse distribution (uniform in log space) for scale parameters (ur,pe, P ). The mass ratio, q, can be calculated as q = u obs b (t k )/u obs r (t k ) for any observation k in which ur and u b are measured simultaneously. However, there is a noticeable spread in the observed values of q (most notably in 1E 0450.3−1817, where q spans the range from 0.5 to 2.0). In order to be consistent with the binary hypothesis, we attribute the spread to uncertainties in measurements or jitter (see Section 3), and set the prior for q as a Gaussian distribution, whose mean and standard deviation are determined from the sample of q values for a particular object. The possible values for ur,pe span the range from 0 to c, the speed of light. For P , we set the lower limit to be T , the length of observation; if the binary has completed one revolution within the observation window, both the radial velocity curves for the red and blue peak would have to cross over the zero-point, which is not the case for any of our objects. Since there is no hard constraint on the upper limit on P , we set it to be the age of the universe (14 Gyr). We also note that changing the upper limit by one or two orders of magnitude does not appear to affect the posterior distributions of model parameters. The ranges for t0, e, and ω are (0, P ), (0, 1), and (0, 2π), respectively. We summarise our choice of priors in Table 4 .
To run a simulation we initialise a cluster of 1000 random walkers, slightly perturbed from an initial guess for their position (δQ/Q ∼ 10 −4 , where Q is any one of the parameters). We then perform the burn-in phase, where we run the simulations for enough iterations so that the walkers settle into their posterior distributions. Finally, we reset the MCMC chain, run the simulations for 500 further steps, and collect the posterior distributions from the positions of the walkers in the 6-dimensional parameter space.
For each set of parameters that we obtain at the end of a single fit in an MCMC simulation, we calculate the corresponding total mass of the SBHB, which is the main parameter of interest, using Mtot = 1.42 × 10 9 1 + q cos ω sin i 
The above expression is obtained by setting f = 0 and ur = ur,pe in equation (3) and then expressing a in terms of the orbital period via (P/2π) 2 = a 3 /GMtot. All of the parameters in equation (7), except for the inclination angle, are obtained from the fit to the radial velocity curve. Since the inclination angle is unknown, we set sin i = 1 to get a conservative lower limit on Mtot and note that, if i < 28 • this limit would be raised by an order of magnitude or more (see also Section 6). From the posterior cumulative mass distribution ψ(> M ), we define M x% such that ψ(> M x% ) = x%. Figure 3 shows as an example the cumulative mass distribution ψ(> M ) of 3C 332. The dashed lines locate M 99% , the 99th percentile lower limit on the total mass of the BHs. It is essential that the burn-in phase is sufficiently long, otherwise the posterior distributions would still be biased by our choice of priors. To that end, for each object we carry out tests using burn-in phases of different lengths, spanning three orders of magnitude, and evaluate how the parameter of interest varies with the number of burn-in steps. We also vary the initial parameter guesses to ensure that the result does not depend on these choices. We then determine and plot the values of M 99% across multiple simulations to evaluate whether the above requirements have been satisfied. As an illustration, we present in Figure 4 the results of the MCMC simulations for 3C 332. For all three different choices of initial period (10 2 , 10 3 , and 10 4 yr), M 99% eventually converges to approximately the same value at ∼ 5 × 10 4 burn-in steps. The convergence to the same period after a large number of burn-in steps is a universal behavior among all our objects, which leads us to adopt 10 5 burn-in steps for all of them.
Modeling Jitter as a Gaussian Process
In order to test the simple approach for incorporating jitter described in earlier sections, we also model it as a Gaussian process, using the code george, developed by Ambikasaran et al. (2014) . This approach introduces a covariance matrix into our model. Our primary motivation for the tests described here is not to find the best description of jitter but to assess whether the choice of jitter description influences our results. Since there is no established statistical or physical description of velocity jitter in in quasar broad emission lines, we choose the often used Matern-3/2 covariance function to describe the covariance matrix:
where d = |ti − tj| is the time interval between two observations, and a and τ are the amplitude and characteristic timescale of the Gaussian process, respectively. The Matern-3/2 10 8 10 9 10 10 10 11 10 12
Mass (M ) For all three different choices of initial guess period (10 2 , 10 3 , and 10 4 yr), M 99% eventually converge to the same value at ∼ 5 × 10 4 burn-in steps. The convergence to the same period after a large number of burn-in steps is a universal behaviour among all our objects.
covariance function is commonly used to define the statistical covariance between measurements made at two different times that are separated from each other by a time interval (or "distance") d (Rasmussen & Williams 2006) . As shown in equation (8), two additional parameters describing the Gaussian process need to be included into our MCMC model: the amplitude, a, and the characteristic time-scale of the process, τ .
To evaluate the degree of agreement between different models, we perform fits for a variety of test cases. Since the simulations involving Gaussian process models are computationally "expensive" we only carry out the tests for a subset of the objects in our collection. The test cases we have computed are listed below and the results of the tests are reported in Section 5.
(i) In the first set of tests, we assign fixed values for both the amplitude and the characteristic time-scale. We set the amplitude to be the standard deviation of the jitter, and the characteristic time-scale to be 1 year. We choose 1 year because this is typical of the dynamical time-scale, the timescale on which we expect the jitter to appear (see discussion in Section 3).
(ii) In our second set of tests, we prescribe the prior distribution of τ as a Gaussian, centred at 1 year with a standard deviation of 0.5 year.
(iii) In the third set, we modify our prior distribution of τ to be a Gaussian centred at 5 yr with a standard deviation of 3 yr to more cover more thoroughly both the regimes of the light-crossing time-scale and the dynamical time-scale.
(iv) In the next set of tests, we proceed to relax also our constraint on the amplitude, allowing it to vary as a Gaussian as well. We set the amplitude to be the amplitude of the jitter listed in Table 3 , and the standard deviation to be half of that value.
(v) In our last set of tests, we employ a different covariance function, the Ornstein-Uhlenbeck covariance function, another stationary process that describes Brownian motion (Rasmussen & Williams 2006) :
Where d, a, and τ are defined as in equation (8). The values of a and τ are the same as in case (ii).
RESULTS
Using the methods of Section 4 we first perform four sets of simulations to explore the effects of orbital eccentricity and the simple jitter prescription. Specifically we explore the following scenarios: (a) circular orbits without jitter, (b) circular orbits with jitter, (c) eccentric orbits without jitter, and (d) eccentric orbits with jitter. From the output of the simulations we calculate the SBHB total mass for each solution using equation (7) and assuming that sin i = 1. We also calculate Tgr, the orbital decay time-scale due to gravitational radiation, by numerically integrating equation (5.14) of Peters (1964) . Since Tgr ∝ M −3 tot and Mtot ∝ (sin i) −3 the gravitational radiation decay time is a very sensitive function of the (unknown) inclination of the binary, Tgr ∝ (sin i) 9 . For the four sets of simulations described above, we report the 99% lower limit on the mass, together with corresponding values of orbital parameters and the orbital decay timescale, in Tables 5-8, respectively. We note that the resulting minimum masses and decay time-scales do not change significantly as we take jitter into consideration i.e. from case (a) to case (b), and from case (c) to case (d). However, they do change by an order of magnitude or more as we relax the assumption of circular orbits i.e. from case (a) to (c) and from case (b) to (d). This is reasonable as the former change is a change in the effective uncertainty, whereas the latter change significantly enlarges the space of possible orbits and parameters. The goodness of fit statistics (the reduced χ 2 value, χ 2 ν = χ 2 /ν, where ν is number of degrees of freedom, and ν) for the best-fitting models in all of the above cases are reported in Table 9 . As this table shows, the χ 2 ν values are quite large in cases (a) and (c) where jitter is not included. This is not a surprise since the amplitude of the jitter is typically a few times larger than the measurement errors. The fits of elliptical orbit models including jitter yield the lowest χ 2 ν values, as expected. However, a substantial fraction of objects have χ 2 ν > 2 even with this family of models. Our results of modeling jitter via Gaussian processes are presented in Table 10 , where we quote the value of the 99% lower limit on the total mass of the SBHB. Because of the high computational cost of running Gaussian process simulations, we perform a limited number of representative tests. Nevertheless, comparison of the results of these tests with the results presented above show that there are minimal differences between the results of the Gaussian process methods and those from our fiducial treatment of jitter in the previous paragraph. The mass limits resulting from the various methods differ by a factor of a few, which leads us to conclude that our simple description of jitter is fairly robust. Thus we adopt the results of the simple jitter description in our later discussion.
We focus our attention on the orbital parameters of case (d) that involves eccentric orbits and includes jitter, as it is the most inclusive scenario and yields the most conservative constraint on BH masses. Henceforth, we illustrate the results of case (d), unless noted otherwise. As shown in Table 8, the lower limits on the SBHB masses are in the range 10 8 -10 11 M . However, the eccentricity corresponding to the minimum mass tends to be very high, as more than half the cases have eccentricity values greater than 0.9. We also note that the decay time-scale falls in the range 10 7 -10 12 yr. We re-iterate that the realistic mass limits should be higher than those of Table 8 by a factor of (sin i) 3 and the orbital decay times should be shorter by a factor of (sin i) 9 ; we discuss this issue further in Section 6.
In Figure 5 we present the radial velocity curves along with three solutions for each object, corresponding to the 99%, 90% and 68% lower limits on the period; these are shown respectively as solid blue, dashed green, and dotted red lines superimposed on the data. The minimum χ 2 ν values corresponding to these fits are in the last column of Table 9 . Some of the fits are particularly poor, which is reflected in the χ 2 ν values. Some noteworthy examples of poor fits are: (a) 3C 59, 1E 0450.3−1817 and Pictor A where there are very large gradients in the peak velocities on time-scales of a decade that are inconsistent with orbital motion, (b) Mrk 668 where the well-sampled radial velocity curve of the red peak has the opposite curvature from what orbital motion would dictate, and (c) NGC 1097, CBS 74, 3C 332 and PKS 1739+184 where the radial velocities in last 5-10 yr of the monitoring period depart systematically from the fit that describes well the radial velocities of the first 15-20 yr. There are also examples of fits that appear reasonable, such as PKS 1020−103, Arp 102B and 3C 390.3. Figure 6 shows a projection of the space of model parameters in the period-eccentricity plane. The colour indicates the relative density of solutions within a specific area in the diagram. As shown in Figure 6 , some of the objects (e.g. 3C 59, 1E 0450.3−1817, NGC 1097) have solutions most densely concentrated in an arc in the diagram; however, not all objects show this behavior. We also note that in many cases, the distribution of eccentricity is almost uniform from a These values assume sin i = 1. See equation (7) and discussion in the first paragraph of Section 5. a These values assume sin i = 1. See equation (7) and discussion in the first paragraph of Section 5. a These values assume sin i = 1. See equation (7) and discussion in the first paragraph of Section 5. a These values assume sin i = 1. See equation (7) and discussion in the first paragraph of Section 5. a The orbital models are those described in the first paragraph of Section 5 This is the degree of freedom corresponding to the elliptical cases. To get the degree of freedom for circular cases, add two to these numbers. b Test 0 to 1 (e.g. PKS 1020−103, PKS 0921−213), implying that there is no specific preference for or constraint on the value of eccentricity. Similarly, the periods tend to vary across many orders of magnitude. However, in specific cases such as Arp 102B or Pictor A, the periods tend to concentrate at ∼ 10 10 yr, the upper boundary in our simulation. We attribute this behavior to the inability of the MCMC simulation to find satisfactory solutions at periods lower than the age of the universe, and we take it to suggest that the SBHB hypothesis is incompatible with the data. Figure 7 shows the main scientific result of the simulations, the distribution of solutions in the 2-dimensional parameter space of total mass versus orbital decay time. The colours have the same meaning as in Figure 6 . The vertical dashed line indicates a BH total mass of 10 10 M , above which we deem the binary hypothesis unfavourable (see Section 6). As shown in the Figure 7 , the general be-havior is that the solutions are concentrated most densely along a ridge or an arc in the parameter space, and the density of solutions decreases outward in all directions. The minimum masses resulting from this analysis are close to 10 11 M for two objects (Arp 102B, 3C 390.3), in the range (0.4-4)×10 9 M for nine objects, and in the range (0.8-3)×10 8 M for the remaining three objects.
DISCUSSION
We begin our discussion of the results by considering whether the orbital model provides a reasonable description of the radial velocity curves on statistical grounds. We then consider constraints on the orbital inclination based on the radio properties of the targets that increase the minimum SBHB masses we reported in Table 8 . We also provide a set of additional arguments disfavouring the SBHB hypothesis a The fixed value of τ = 1 yr. The fixed value of a is the measured jitter for each object listed in Table 3 . See details in Section 3. b τ = N (m, s) denotes τ drawn from a normal distribution of mean m and standard deviation s, both expressed in years. c In the a = N (j, j/2) case we draw the value of a from a normal distribution with a mean equal to the jitter in Table 3 and a standard deviation equal to half that value. d We use a fixed value τ = 1 yr and the value of a for each object, as listed in Table 3 . e In this description we expand the error bars on the radial velocity measurements to match the jitter measured by the method of Section 3. These are the same results reported in Table 8 and are reproduced here for easy comparison.
for many members of our sample. We conclude with a summary of the status of each object and a brief discussion of one of the alternative explanations for double-peaked line profiles.
The goodness-of-fit tests for many of the objects in our sample indicate that the binary orbit model provides a poor description of the observed radial velocity curves. This conclusion holds even if we use the jitter as a measure of the uncertainty in our calculations of χ 2 . The probability that the orbital model provides an adequate description of the radial velocity curves for the six cases with χ 2 ν > 2 in Table 8 (3C 59, NGC 1097, 1E 0450.3−1817, Pictor A, CBS 74, PKS 0921−213, Mrk 668) is p < 10 −4 . An inspection of Figure 5 shows that the fits to the radial velocity curves of those six objects do not capture the full behavior of the data. For 3C 59, the upward trend of the blue peak from 1997-2015 strongly contradicts the model, which predicts a downward trend. In NGC 1097, the model fits the radial velocities of the blue peak but not those of the red peak. In 1E 0450.3−1817, the sudden drop in the velocity curve of the red peak during the period 1995-2000 cannot be explained by a binary model. For CBS 74, the velocity of the blue peak rises and drops sharply within a few years in an erratic manner. The radial velocity curve of the red peak of Mrk 668 stays relatively flat for a long period of time, before experiencing a sudden rise, forcing the eccentricity of the fit to be very high as a result. Moreover, the radial velocity curve of the red peak of Mrk 668 is convex, which is inconsistent with orbital motion (this was also noted by Marziani et al. 1993 and Gezari et al. 2007 ). In the case of Pictor A, both the red and the blue peak radial velocity curves display a rise during the same time period, which is inconsistent with the binary hypothesis. Finally, regarding PKS 0921−213, the binary model cannot explain the velocity fluctuations of the red and the blue peak during the period 1995-2000. These considerations argue against the orbital model for these six objects.
The lower limits on SBHB masses that we obtain by adopting the circular orbit model without velocity jitter (Table 5) are very similar to those obtained by Liu et al. (2016a) for nine of the 13 objects in common. For the remaining four objects, our limits are a few orders of magnitude lower than theirs. We attribute this difference to the different approach used to obtain the minimum mass: we calculate the SBHB mass for every solution that our algorithm finds and then take the minimum value while Liu et al. (2016a) find the minimum period based on their fit to the radial velocity curve and use it to compute the minimum mass. For the eccentric orbit models with velocity jitter included (see Table 8) , we obtain minimum masses for most objects that are a few orders of magnitude lower than in Liu et al. (2016a) and previous works. This difference is reasonable, since there is more flexibility in the models that we employ here due to the addition of eccentricity. Nevertheless, we are still able to confidently disfavour the SBHB hypothesis for two targets (Arp 102B, 3C 390.3) on the basis of a very high mass; the 99% lower limits on the total masses are greater than the most massive BH measured so far (2 × 10 10 M ; e.g., McConnell et al. 2012; Thomas et al. 2016) .
We can refine the mass limits of Table 8 further by considering constraints on the inclination of the orbital plane of the hypothesized SBHB -Mtot ∝ (sin i) 3 as discussed in Section 4. Since the vast majority of our objects are radio loud, we can obtain constraints on the inclination angle of the radio jet and connect the direction of the radio jet to the axis of the binary orbit by assuming that the jet is emitted along the spin axis of one of the BHs and that the spins of the two BHs in an SBHB are aligned with the axis of the orbit. The former assumption is justified by the the theory and recent simulations of jet formation (e.g. Narayan et al. 2014; Tchekhovskoy et al. 2010 , and many references therein). The latter assumption is justified in the context of evolutionary scenarios for SBHBs at separations of a few pc or less: a massive circumbinary disc extracts angular momentum from the orbit causing it to decay, supplies accretion fuel to the BHs, and exerts torques to align the spins of the two BHs with the orbital angular momentum vector (see Bogdanović et al. 2007; Dotti et al. 2010; Miller & Krolik 2013) . Thus, we can use the spectral index of the radio core and the brightness contrast between the radio core and the radio lobes, which are regarded as indicators of relativistic beaming effects in the jet (e.g., Orr & Browne 1982) , to constrain the jet inclination.
We collected values of the spectral index of the radio core, αcore (where fν ∝ ν +α ), and the core-to-lobe ratio, log R (where R ≡ Score/S lobes , with Score and S lobes the core and lobe fluxes at a rest-frame frequency of 5 GHz), from the literature in Table 11 along with references to the sources of the data and relevant observational details. In cases where the value of Score and/or S lobes was measured at a frequency other than 5 GHz, we inferred the 5 GHz values assuming core and lobe spectral indices of αcore = 0 and α lobes = −0.7, respectively. In most cases only αcore or log R was readily available (not both) so we used the empirical correlation between αcore and log R by Runnoe et al. (2012) , αcore = −0.433 + 0.206 log R, to deduce the missing quantity. As Table 11 shows, we were unable to find useful information on four of the 14 objects (NGC 1097, 1E 0450-3−1817, CBS 74, and Mrk 668) . In contrast, in the case of 3C 390.3 a trustworthy upper limit on the inclination is available from superluminal motions in the radio jet. We compare the data in Table 11 with detailed analyses of the emission properties of jets in a variety of radio-loud AGNs by various authors. Ghisellini et al. (1993) and Guerra & Daly (1997) have studied the radio morphologies, spectral energy distributions, and superluminal motions of samples of radio-loud quasars and radio galaxies of different types (with and without broad lines). They concluded that in coredominated quasars (log R > 0) the jet inclination angles are i < ∼ 10 • , while lobe-dominated quasars (−1.36 < log R < 0 in their samples) have 10 • < ∼ i < ∼ 40 • with a median of 26 • . Similarly, Hovatta et al. (2009) have considered the variability properties and jet beaming factors of a large sample of radio-loud quasars and BL Lac objects with log R > −0.5 and concluded that in almost all cases the jet inclinations are i < 20 • and DiPompeo et al. (2012) carried out a statistical study of radio core spectral indices and concluded that values of αcore > −1 are associated with inclination angles i < 26 • , albeit with some scatter.
Considering the radio properties of the objects in Table 11 in this light, we find that two of the 10 objects with useful radio information (PKS 0921-213, PKS 1020-103) All values of log R were converted to 5 GHz assuming αcore = 0 and α lobes = −0.7. Values in square brackets are inferred from the value of αcore as described in Section 6. c References to sources of data: (1) Bondi et al. (1993) , ( Swarup et al. (1984) , (11) Gower & Hutchings (1984) , (12) Leahy & Perley (1991) , (13) Leahy & Perley (1995) . d NGC 1097 hosts a compact nuclear radio source. Although the spectral index of the core is available, we do not consider this a useful constraint on the presence of a jet or its possible orientation. e Mrk 668 hosts a compact, GHz-peaked radio source (see O'Dea 1998). We have not found any information that can constrain the jet orientation. f The radio maps of Arp 102B show a core with an elongation on one side, reminiscent of a jet, but no lobes. g The orientation of the radio jet of 3C 390.3 has been examined by Eracleous et al. (1996) who constrained the inclination angle to be in the range i = 19-26 • based on the observed superluminal motion and the morphology of the double-lobed radio source.
nation angle limits change the minimum masses of Table 8 as follows: for i < ∼ 40 • , log(Mmin/M ) increases by 0.6, for i < ∼ 26 • , log(Mmin/M ) increases by 1.1, and for i < ∼ 10 • , log(Mmin/M ) increases by 2.3. As a result, the minimum masses of four more objects from our sample rise above the threshold of 10 10 M (Pictor A, PKS 0921-213, PKS 1020-103, 3C 332) and the minimum masses of two other objects get close to this threshold (3C 59, PKS 0235+023, PKS 0921-213). Similarly, the orbital decay times due to gravitational radiation decrease substantially once the orbital inclination angle is taken into account: for i < ∼ 40 • , log(Tgr/yr) decreases by 1.7, for i < ∼ 26 • , log(Tgr/yr) decreases by 3.2, and for i < ∼ 10 • , log(Tgr/yr) decreases by 6.8. This change makes the orbital decay time uncomfortably short for some objects; Tgr becomes shorter than 100 yr for PKS 1020-103 and shorter than 10 6 yr for Pictor A, PKS 0921-213, and 3C 390.3. We also re-iterate additional general arguments against the binary interpretation of double-peaked emitters.
(i) As Liu et al. (2016a) pointed out, the Lyα lines of double-peaked emitters are in fact single-peaked (Arp 102B, 3C 390.3, NGC 1097, PKS 0921-213 -see Halpern et al. 1996; O'Brien et al. 1998; Storchi-Bergmann et al. 2005; Eracleous et al. 2009, respectively) . This is a strong argument against the binary hypothesis, as one would expect the Lyα line profile to mirror that of the Balmer lines (i.e. doublepeaked) if the peaks originate from separate and physically distinct regions.
(ii) Liu et al. (2016a) noted that the minimum masses inferred from fitting the radial velocity curves are substantially larger than the masses determined from the stellar velocity dispersions of the host galaxies by Lewis & Eracleous (2006) for six objects in our sample (NGC 1097, 1E 0450.3-1817, Pictor A, PKS 0921-213, Arp 102B, 3C 390.3).
(iii) Storchi-Bergmann et al. (2003) analysed spectra of NGC 1097 spanning 11 yr and noted that the relative separation of the two peaks in the line profile change with the luminosity of the AGN. They reported a decrease of the broadline flux as the red and blue peak moved further apart from one another (see also Schimoia et al. 2012 Schimoia et al. , 2015 . Additionally, Shapovalova et al. (2001) monitored 3C 390.3 during the period 1995-2000 and reported similar behavior and Zhang (2013) reached the same conclusion after studying a different set of observations of the same object. This behavior is a manifestation of the "breathing" of a single BLR, observed in variability studies of Seyfert galaxies and quasars (e.g., Guo & Gu 2014; Barth et al. 2015) and suggests strongly that the two sides of double-peaked emission lines originate in the same BLR.
(iv) In a binary scenario, the velocity of the gas orbiting individual BHs is at least several times greater than the velocity of the BHs orbiting one another. Thus, we would expect the two peaks that make up the line profiles to be separated by less than their width, instead of well-separated peaks as is the case for eight objects (PKS 0235+023, NGC 1097, 1E 0450.3-1817, PKS 0921−213, PKS 1020-103, Arp 102B, 3C 332, 3C 390.3; see footnote 3 in , the heuristic models of Shen & Loeb 2010, and the detailed models of Nguyen et al. 2019 ).
(v) Reverberation mapping projects offer additional evidence against the SBHB hypothesis. In the SBHB picture, the two BHs are typically at parsec or sub-parsec separation, so it would take years, or at least months, for changes in the continuum of one BH to reach the BLR of the other. Thus, one should expect a corresponding time lag between the two peaks as they respond to changes in the continuum. However, Dietrich et al. (1998) performed reverberation mapping studies on 3C 390.3 and report that the blue and the red peaks in the double-peaked line profiles vary simultaneously within 3 days. Similarly, Sergeev et al. (2000) and more recently Shapovalova et al. (2013) who performed reverberation mapping studies on Arp 102B found no significant time lag between the two peaks.
We conclude our evaluation of the SBHB hypothesis by summarizing the Table 12 the arguments against this hypothesis for each of the objects in our sample. Included in this table are columns on the goodness of the fit to the radial velocity curves with orbital models, the minimum SBHB mass (after constraining sin i), and additional arguments from other observations presented just above. We populate each of these four columns depending on whether an argument applies to a particular object in our sample. As Table 12 shows there is only one object that passes all the tests (3C 227) and only four objects fail only one test (3C 59, PKS 0235+023, CBS 74, and Mrk 668). Therefore, we disfavour the SBHB hypothesis for 2/3 of the objects in our sample; for Arp 102B and 3C 390.3, the hypothesis can be rejected with great confidence based on the minimum masses alone, even for sin i = 1. Several other objects identified earlier in this section have minimum masses very close to the threshold of 10 10 M , especially when the orbital inclination angle is taken into account. If we insist on sin i = 1, four more objects fail the χ 2 ν test and are disfavoured by additional arguments. Finally, it is important to point out that, if double-peaked emitters are a homogeneous sub-class of AGNs, as their general properties suggest, and the SBHB hypothesis is disfavoured for a substantial fraction of them, then we should not expect any of them to host SBHBs. Future observational work can test this conclusion further. Specifically, continued spectroscopic monitoring will extend the radial velocity curves of all objects and lead to better constraints on the SBHB mass. Additional constraints on the orbital inclination angle through additional radio observations will help improve the mass limits from the radial velocity curves. Other tests involving UV spectroscopy (see Eracleous et al. 2009 ) and reverberation mapping (see Dietrich et al. 1998 ) will also be helpful.
As the binary hypothesis is unlikely for most of our targets, it is necessary to focus on other hypotheses for objects with double-peaked Balmer lines. To explain the doublepeaked profiles of 3C 390.3 and Arp 102B, and proposed a model consisting of only one BH at the centre, and a disc illuminated by a central source. Schimoia et al. (2015) argue that the radial veloc-ity changes of the Balmer line peaks could be explained by variations in the illumination of such a disc. The model and its extensions can also fit many of the other double-peaked profiles in our sample and the physical picture associated with this model has passed all the observational tests carried out so far (Eracleous & Halpern 1994; Eracleous et al. 1995; Eracleous & Halpern 2003) Figure 5 . The radial velocity curves of the red and blue peaks of all the targets. Three sample solutions, representing the 99% , 90% and 68% lower limit on period, are also plotted as blue, green, and red lines respectively, superimposed on the data. 
